1 Abstract-This paper presents an optimization design strategy for wideband piezoelectric transducers based on a kerfless multifrequency annular array with two elements, made out of a 1-3 connectivity piezo-composite disk. The disk is machined by reducing the thickness within a circular section at the centre of the disk faces, so that two elements are obtained: an inner and thinner disk and an outer ring. They are designed to meet two main criteria: i) both elements present a different resonant frequency, being the inner disk the higher frequency element and ii) the individual frequency bands of the elements overlap to build up an overall frequency response that approximate to the sum of the individual frequency bands. The objective of this research is to determine the optimum configuration of both elements, in particular the relative elevation of the inner disk, so that cross-talk between elements and the appearance of undesired modes is minimized while frequency bandwidth is optimized. Towards this end, the response of different configurations is calculated using a finite element method.
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I. INTRODUCTION
Ultrasonic transducers based on piezoelectric materials are normally based on the excitation of geometrical resonances of the piezoelectric element. Although use of resonant devices improves sensitivity of the transducer it also has a negative impact on the frequency bandwidth, which is reduced, especially when compared with other nonresonant solutions (e.g. electrostatic or capacitive transducers [1] , [2] ). Nonetheless, wide frequency band is a very important transducer feature in many different applications. Examples are found in ultrasonic communications [2] , [3] , spectral materials characterization [4] and [5] , medical image and Non Destructive Testing applications, where bandwidth is also related to spatial resolution. In many cases, frequency bandwidth of piezoelectric transducers can be enhanced by different means: i) selecting piezoelectric materials having higher electromechanical coupling factors [6] or higher mechanical losses or acoustic impedance value closer to that of the medium the transducer is going to be coupled to, ii) using a high impedance backing block, iii) using specially designed matching layers [7] , [8] and iv) by acting on the electrical Manuscript received 16 March, 2016; accepted 3 August, 2016. matching [9] . However, some of these solutions cannot be used for the case of air-coupled transducers, where achieving wideband response is an even more challenging problem due to the huge acoustic impedance difference between the air and the piezoelectric element. Successful solutions in this case have been the use of multiple matching layers [10] - [13] , wider bandwidth piezoelectric materials (like 1-3 connectivity composites based on PMN-PT single crystals) [14] and active materials with acoustic impedance closer to the air, examples are the use of ferroelectret films [13] , [15] , [16] and PVDF [17] .
In spite of these efforts, 6 dB bandwidth of air-coupled piezoelectric transducers is always below 100 %, and further improvements in this direction can only be achieved by adopting novel and alternative approaches. One example is the use of multifrequency arrays where different elements are designed to operate at different frequencies, but their frequency bands overlap giving rise to a much larger overall frequency bandwidth [18] . However, a design able to reduce cross-talk between elements and to homogenize the acoustic fields of the different elements is necessary.
II. MODEL AND METHODS
The starting point of this work is the design proposed in [18] that consists of a kerfless annular multifrequency array disk with two elements. It is made out of a 1-3 connectivity piezocomposite disk (random distribution of PZT fibers in an epoxy matrix by Smart Materials Inc.). A 1-3 connectivity composite disk has been chosen because this type of material permits to reduce the cross-talk between thickness and radial modes which is important to reduce the cross-talk between the two elements in the annular array configuration proposed here. Fig. 1 shows a schematic view of the piezocomposite annular array with the two elements: centre disk and external ring. In addition, internal geometry of the 1-3 connectivity composite is also depicted.
As explained in [18] (see also Fig. 1 ), the piezocomposite disk is machined to obtain a kerfless array with two elements: an external ring (tuned to 250 kHz) and a thinner internal disk (tuned to 500 kHz). Diameter of the outer ring in 25 mm and diameter of the inner disk is 12 mm. Unlike in [18] , where both elements presented the same elevation (h = 0), now this elevation is changed with the purpose to find out if there is an optimum value for the parameter h. The main idea is then to determine if matching the nodal planes of both elements in the annular array may enhance the synergy of both elements and have some positive influence on achieving a more uniform displacement of both elements and a more reduced cross-talk. In particular, to determine if there is an optimum arrangement of the elements, able to maximize the surface displacement in the case of emission and the charge density in the case of reception. Several configurations have been considered; the array response in each case is calculated using a Finite Element Method (FEM). Use of a FEM approach to these kind of problems is normally adopted in this field. In this case, it is required by the need to have a 3 dimensional model, where the main reason is the need to consider the cross-talk between elements when operating in thickness mode. As this cross-talk takes place through the generation of radial modes produced by coupling of thickness to lateral vibrations through the material Poisson's ratio a full 3D approach is necessary. The Finite Element Method model is built using the commercial package COMSOL Multiphysics (by COMSOL Inc.) and materials parameters are obtained from the manufacturer of the piezocomposite (Smart Materials) and from data obtained from size and density measurements and from measurements of the frequency location of different resonant modes in the electrical impedance vs. frequency response. Fig. 2 . Cross-section of one half of the machined disk showing the two elements (inner disk: high frequency element and the external ring: low frequency element) and the different geometric arrangements (elevations) of the array elements subject to simulation. Figure 2 shows a cross-section view (only the half required to generate the solid of revolution that corresponds to the actual array geometry, see Fig. 1 ) of the different array geometries proposed in this study (with different elevations for each element). The relative positions of the array elements are changed with the purpose to change the relative position of the nodal planes of the thickness resonances of the two different elements, with the idea to test if the case where both nodal planes coincide actually corresponds to the optimum design.
III. RESULTS Figure 3 shows the FEM calculated electrical impedance of the array (both elements parallel connected) for the different configurations shown in Fig. 2 . The two different thickness modes can be clearly observed at 250 kHz and 500 kHz, which correspond to the external ring and the inner disk, respectively. In addition, resonance (fr) and antiresonance (fa) frequencies for these thickness modes of each element are also indicated in Fig. 3 . In spite of the use of a 1-3 connectivity composite, radial modes are still to be observed at lower frequency (below 150 kHz), although they are quite attenuated and their influence on thickness modes is expected to be small. The point of the simulations is to find the most advantageous value of h, towards this end analyse the response of the array both in emission and reception operation modes. To study the response in emission ode we analyse the surface displacement at fr, while the evaluation in reception mode is performed by the analysis of the and charge density at fa generated by a given surface displacement. First the behaviour of the array as transmitter is analysed. In this case, electrical voltage is applied across composite terminals and the mechanical response in terms of generated particle displacement at fr is calculated. Figure 4-Fig. 11 show the distribution of the amplitude of the displacement in the thickness direction over the array cross-section and the normal displacement at the radiating surface. To be able to propose a best array configuration candidate for the emission mode a figure of merit based on the mean value (averaged over the radiating surface of each element) of the surface displacement (normal to the radiating surface), along with the standard deviation, is proposed. The mean provides a measure of the peak energy radiated by the element and the standard deviation provides a measure of how close is the observed behaviour to a piston-like ideal behaviour (as standard deviation is expected to be zero for the ideal piston-like displacement pattern). These results are shown in Fig. 12 and Fig. 13 . In a similar way, for reception operation mode, the proposed figure of merit is based on the averaged (over the surface of each element) electrical charge generated at the surface of each element (upon normal incidence of a normalized plane wave) and the standard deviation. As before, mean value and standard deviation are representative of the peak and the piston-like response, respectively. Results are shown in Fig. 14 and Fig. 15 . 
IV. CONCLUSIONS
We can draw some conclusions regarding the best suited emitter from the data gathered. The different geometric arrangements show a variation in the mean displacement of the surface but also a dispersion of the data, meaning that the movement along the surface is not regular due to some lateral mode interference. For example, Fig. 4 and Fig. 5 (Case 0) present a rather piston-like vibration of the surface and very little cross-talk. In the exterior element we can see an improvement, even regarding the uniformity of the displacement, in the case where the centre of the elements is aligned (case 3), however, in this case the behaviour significantly deviates away from the piston-like desired pattern, which is revealed by the larger standard deviation in Fig. 12 . This is not happening for the interior element, although the mean displacement grows the modal interference also grows. It is clear that the geometric approach to fine tuning the modes present in the transducer is promising, more strategies can be implemented aimed to suppress or attenuate the lateral modes.
Looking at the receiver data, we can point out some candidates but the data is too disperse to be a clear winner. Some change in the electrode geometry can lead to a reduction of charge density distribution.
The case 0 shows a promising compromise, the exterior element performs a little worse (0.1 nm) than the case 3 but the interior element gets an improvement in terms of mean displacement and uniformity. Another added advantage is due to the radiant surface having one of the elements protruding, this protrusion gives room to accommodate the matching layers needed to couple the transducer to air, given that the matching layer of the inner element is thinner than the one needed for the outer element the arrangement can be fine adjusted in order to get a planar radiant surface which improves the emitted wavefront characteristics of the transducer.
